Mode-and polarization-division multiplexing offer new dimensions to increase the transmission capacity of optical communications. Selective switches are key components in reconfigurable optical network nodes. An on-chip silicon 2 × 2 mode-and polarization-selective switch that can route four data channels on two modes and two polarizations simultaneously is proposed and experimentally demonstrated for the first time, to the best of our knowledge. The overall insertion losses are lower than 8.6 dB. To reduce the inter-modal crosstalk, polarization beam splitters are added to filter the undesired polarizations or modes. The measured inter-modal and intra-modal crosstalk values are below −23.2 and −22.8 dB for all the channels, respectively.
INTRODUCTION
Optical communication technologies have been advancing rapidly for several decades [1] [2] [3] . Multiple dimensions of an optical carrier, including time, wavelength, polarization, amplitude, and phase, have been explored to increase data-carrying capacity. Space-division multiplexing (SDM) in multi-core fibers [4, 5] and mode-division multiplexing (MDM) in fewmode fibers [6] [7] [8] are promising options to increase transmission capacity. Because of the merits of a compact footprint, low power consumption, and compatibility with CMOS fabrication processes [9] [10] [11] [12] , MDM in silicon photonic integrated circuits has attracted much attention in the past years [13] [14] [15] [16] [17] [18] .
Switching and routing of data signals are basic requirements in network nodes. In analogy to a conventional wavelength selective switch (WSS) that routes any wavelength channel from one input port to any output port [19] , a switch that can route mode-and polarization-multiplexed signals can effectively increase the capacity and add new functionalities. A four-channel silicon switch that used MDM signals on different wavelengths was achieved with crosstalk values of <−16.8 dB [20] . Recently, we demonstrated an on-chip silicon 1 × 2 mode-and polarization-selective switch (MPSS) on the same wavelength with crosstalk values of <−15 dB [21] .
These reported crosstalk values need to be reduced to realize error-free switching in practical systems. The power penalty originating from the crosstalk is modulation format dependent [22, 23] , and typically at least a 20 dB suppression ratio is needed between different modes and polarizations. Moreover, these silicon mode and polarization switches are in 1 × 2 configurations, while 2 × 2 switches are desired as the fundamental building blocks of a general N × N switch fabric [24] .
In this paper, we demonstrate the first on-chip silicon 2 × 2 MPSS, to the best of our knowledge. The proposed 2 × 2 MPSS can route four data channels of two modes and two polarizations on the same wavelength from one input port to any output port. Polarization beam splitters (PBSs) are added to filter the undesired modes or polarizations; therefore, the measured inter-modal crosstalk values are below −23.2 dB at 1550 nm for all the channels. The overall insertion losses and the intra-modal crosstalk values are below 8.6 and −22.8 dB, respectively. The footprint of the MPSS device is 1.6 mm × 1.7 mm. The proposed MPSS device needs to couple to few-mode fibers for application in optical fiber communications. Mode converters, such as grating-couplerbased [25] or edge-coupler-based [26, 27] , are required to couple high-order modes from few-mode fibers to the silicon waveguides.
DEVICE DESIGN AND OPERATION PRINCIPLE
The schematic configuration of the on-chip silicon 2 × 2 MPSS for two modes and two polarizations is shown in Fig. 1 . It can route four channels of TE 0 , TE 1 , TM 0 , and TM 1 modes. The routing of the channels is realized by the fundamental mode switches. Two transverse electric modes (TE 0 and TE 1 ) and two transverse magnetic modes (TM 0 and TM 1 ) are injected from the input port I1 or I2, and then de-multiplexed into four fundamental mode channels by the mode de-multiplexers and the PBSs based on selective mode coupling in asymmetric directional couplers [12] . Signals are then routed by the corresponding TE 0 or TM 0 Mach-Zehnder interferometer (MZI)-based thermal-tuning switches. The routed signals are multiplexed by the polarization beam combiners (PBCs) and the mode multiplexers, and then output from port O1 or O2. The dominant inter-modal crosstalk is induced by the orthogonally polarized modes in the mode multiplexers and de-multiplexers [28] . Therefore, PBSs are cascaded to the mode de-multiplexers to filter the undesired polarizations or modes and reduce the inter-modal crosstalk.
The proposed 2 × 2 MPSS chip consists of four mode (de)multiplexers, 10 PBSs, eight thermo-optic MZI switches, eight 1 × 2 multi-mode interferometer (MMI) couplers, two PBCs, and 40 waveguide crossings. Figure 2 shows the structures of the basic elements in the MPSS. The PBS (PBC) based on directional couplers [29] is used to separate or combine the TE 0 and TM 0 polarizations. The mode (de)multiplexer is implemented by two asymmetric directional couplers to (de)multiplex the high-order modes (TE 1 and TM 1 ) [13] , as shown in Fig. 2(a) . The widths of the multimode bus waveguide and access waveguides are optimized to achieve highly efficient selective mode coupling by using 3D finite-difference time-domain (FDTD) simulations.
The waveguide widths w 1 , w 2 , w 3 , and w 4 are 0.400, 1.035, 0.845, and 1.045 μm, for multiplexing the TE 0 , TM 0 , TE 1 , and TM 1 modes, respectively. Adiabatic tapers are used to connect the waveguides with different widths. The coupling lengths for multiplexing the TM 0 , TE 1 , and TM 1 modes are 8.25, 18.5, and 8.25 μm, respectively. The maximum number of waveguide crossings in an optical path is seven, so lowloss waveguide crossings are indispensable in the MPSS device. The waveguide crossings are based on 90°-crossed MMIs [30] , which are designed to achieve low losses and crosstalk based on 3D-FDTD simulations. The width and length of the MMIs are optimized to be 1.73 μm (1.73 μm) and 7.84 μm (6.14 μm) for the TE 0 -TE 0 (TM 0 -TM 0 ) case, respectively. The 2 × 2 MZI switch consists of two 2 × 2 MMI couplers connected by two equal-length waveguide arms for broadband operation [31] . For the TE 0 (TM 0 ) polarization, the width and length of the 2 × 2 MMI are 6.0 μm (6.0 μm) and 41.5 μm (31.5 μm), respectively, and its input and output waveguides are linearly tapered from 500 nm to 1.4 μm in a length of 8.5 μm to reduce insertion losses. The gap between the two access waveguides w g is 0.6 μm. The heater lengths in the MZI switches are 50 μm. 1 × 2 MMIs are used as 3 dB couplers in the MPSS. The width and length of the 1 × 2 MMI are optimized to be 2.4 and 1.8 μm, respectively, and the input and output waveguides of the device are linearly tapered from 500 to 750 nm in a length of 1.5 μm. The gap between the two access waveguides w g is 0.15 μm.
DEVICE FABRICATION AND RESULTS
Multiple MPSS devices were fabricated on a silicon-oninsulator (SOI) wafer (220-nm-thick silicon on 3000-nm-thick silica) by electron-beam lithography (Vistec EBPG 5200) and inductively coupled plasma (ICP) etching. A 1-μm-thick SiO 2 cladding was deposited using plasma enhanced chemical vapor deposition (PECVD). 100-nm-thick Ti heaters and 1-μm-thick Al contact pads were formed by the lift-off process. A microscope photo of a fabricated MPSS chip is shown in Fig. 3(a) . Figure 3(b) depicts the magnified scanning electron microscope (SEM) images and microscope photos of a PBS, a mode multiplexer, waveguide crossings, and an MZI switch. The footprint of the MPSS device is less than 1.6 mm × 1.7 mm.
In our measurements, grating couplers were used to couple the TE 0 -and TM 0 -polarized light into/out of the chip. The design and the measured coupling losses of the grating couplers have been reported previously [32] . The periods of the TE and TM grating couplers are 630 and 1080 nm, respectively. The etching depth of both grating couplers is 70 nm. The coupling losses are 5.6 and 7.0 dB∕port, respectively. To couple the fundamental TE 0 -and TM 0 -polarized light into and out of the chip using the grating couplers, mode (de)multiplexers are added to the input (output) ports of the MPSS. The transmission spectra of the MPSS were measured and normalized to that of the identical grating couplers and the mode (de)multiplexers fabricated on the same chip. A tunable continuous wave (CW) laser (Keysight 81960A) and an optical powermeter were used to characterize the devices. For off-chip communications through fibers, mode adapters are needed to couple high-order modes from few-mode fibers to the silicon chip [25, 27] .
We also fabricated the PBSs, mode (de)multiplexers, and waveguide crossings on the same wafer and characterized the performance of these unit devices. The measured insertion losses of the PBS are 0.54 and 0.83 dB for the TE 0 and TM 0 polarizations, respectively. The insertion losses of the mode multiplexer at 1550 nm are 1.60 and 1.32 dB for the TE 1 and TM 1 channels, respectively. The measured crosstalk values are lower than −18 dB at 1550 nm for all the channels. The insertion losses of the fabricated waveguide crossings are lower than 0.09 and 0.12 dB for the TE and TM polarizations, respectively, and the crosstalk values are lower than −30 dB for both polarizations. The insertion losses and crosstalk values of the building blocks are shown in Table 1 .
The measured transmission spectra of the MPSS device are shown in Fig. 4 . Take the TE 0 channel at input port I1 as an example: the signal is switched to output port O1 when the MZI heating power is 10.45 mW, and the signal is routed to output port O2 when the applied heating power is 25.76 mW. The insertion losses are lower than 5.1 dB at 1550 nm, and are mainly caused by the scattering loss, incomplete coupling in the mode multiplexer and the PBS, and 3 dB coupling loss. For all the other channels, optical signals from different input ports can be routed to arbitrary output ports independently by applying different powers on the corresponding MZI switches. The overall insertion losses are lower than 8.6 dB at 1550 nm for all the channels. The inter-modal crosstalk is a critical challenge toward realizing error-free switching in practical systems. We measured the inter-modal crosstalk between channels by launching a signal to a fixed input port and measuring the transmission responses at each output port one by one, as shown in Fig. 4 . The MZI switches were set to ensure the maximum output powers at the same output port. For example, when a signal was injected to the I1-TE 0 channel and the response was measured at the O2-TE 1 channel, the MZI switches for the I1-TE 0 and I1-TE 1 channels were both set to output to the O2 port. The measured inter-modal crosstalk values are lower than −23.2 dB for all the channels at 1550 nm. The power consumption of a TM MZI thermo-optic switch is higher than that of a TE switch due to the smaller optical confinement factor of the TM mode in a silicon waveguide. The measured switching powers for the TM channels are higher than that for the TE channels, except that for the I1-TM 0 channel. We attribute the I1-TM 0 channel results to fabrication imperfections.
We further measured the intra-modal crosstalk values introduced by the MZI switches, as shown in Fig. 5 . For the TE 0 channel of port I1, the intra-modal crosstalk values are lower than −26.6 dB at 1550 nm. For all the channels, the overall intra-modal crosstalk values are below −22.8 dB at 1550 nm. The different wavelength dependency among modes is attributed to different coupling lengths and waveguide widths of the asymmetric directional couplers. Some noise is attributed to imperfections introduced in the fabrication and the low received power, which is close to the detection limit of the optical powermeter.
These inter-and intra-modal crosstalk values are comparable to those of integrated mode-multiplexer devices [13, 15, 33] , indicating that the MPSS exhibits low crosstalk. The switching capacity of the MPSS can be further scaled when combining with wavelength-division multiplexing technology, while maintaining the same switching granularity [21] . Mode-and polarizationmultiplexed signals are first demultiplexed to enable single-mode operation for the subsequent wavelength de-multiplexing. Such a new mode-, polarization-, and wavelength-selective switch (MPWSS) may become an important building block in future high-capacity optical networks.
The switching time of the MPSS device was measured by applying a square electric wave to one heater and detecting the output power simultaneously by a photodetector. The rise time and fall time are 5.5 and 4.9 μs, respectively. In the experiment, we tried to find the switching power to obtain the maximum output optical power manually, while it is possible to achieve switch control and calibration with built-in power monitors and a feedback loop [34, 35] .
CONCLUSION
We propose and experimentally demonstrate what we believe is the first on-chip silicon 2 × 2 MPSS, which is the fundamental building block of an N × N switch matrix. To reduce the intermodal crosstalk values, PBSs are added to filter the undesired polarizations or modes. The measured inter-modal crosstalk values are below −23.2 dB at 1550 nm. For all the channels, the overall insertion losses are <8.6 dB. The measured intramodal crosstalk values introduced by the MZI switches are lower than −22.8 dB. 
